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Implications of Epithelial–Stromal Interaction 1 in 
Diseases Associated with Inflammatory Signaling
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ABSTR ACT: Epithelial–stromal interaction 1 (EPSTI1) was initially identified as an induced gene in breast cancer epithelial cells by cocultured stromal 
fibroblasts. This discovery led to further investigation and understanding of the role of EPSTI1 in cancer. Aberrant elevation of EPSTI1 occurs primarily 
in invasive breast cancer epithelial cells. Forced overexpression of EPSTI1 in noninvasive cancer cells can substitute for the stromal fibroblasts. EPSTI1 
was further implicated in cancer by our most recent study that identified it as one of the few most upregulated genes in human breast cancer by Krüppel-like 
factor 8 (KLF8), a pro-cancerous transcription factor in many cancer types. Our study also demonstrated that EPSTI1 interacts with valosin-containing 
protein to promote the degradation of nuclear factor κ-light-chain-enhancer of activated B cells (NF-κB) inhibitor alpha, leading to the activation and 
nuclear translocation of NF-κB. Additionally, EPSTI1 was shown to inhibit apoptosis by inactivating caspase 8. Studies on hepatitis C and E viruses have 
indicated that EPSTI1 plays a role in inhibition of the viral replication by promoting the expression of protein kinase R or protein kinase RNA-activated, a 
viral response gene, suggesting a role of EPSTI1 in immune response. Interestingly, in addition to transducing stromal signals, EPSTI1 has been implicated 
in immune privilege and autoimmune diseases, including systemic lupus erythematosus, rheumatoid arthritis, and histiocytic necrotizing lymphadenitis. 
This review seeks to comb EPSTI1-related studies as it was cloned a dozen years ago with a particular focus on the mechanisms of its regulation and signal-
ing, as well as its potential roles in the diseases.
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Introduction
Epithelial–stromal interaction 1 (EPSTI1) was first discovered 
and named in 2002 with a three-dimensional tumor environ-
ment assay modeling breast cancer.1 The gene maps to the 
human chromosome 13q13.3, has no homology to known 
genes, and encodes a 38-kDa protein of 307 amino acids. The 
protein of EPSTI1 contains three coiled-coil domains1 that 
potentially play a role in mediating interaction with other 
proteins and membrane localization of EPSTI. Expression 
of the protein was induced in the human breast cancer cell 
MCF-7 upon direct contact with tumor-associated myofi-
broblasts under coculture.1–3 Then, the normal tissue expres-
sion of EPSTI1 was determined with the highest in the 
spleen, germinal center in lymphatic tissue, small intestine, 
salivary gland, testes, and placenta that involve high stromal 
activities.1,4 These results suggest that EPSTI1 might serve as 
a link for interaction or communication between nonstromal 
tissues, including cancer epithelial cells and stromal tissues, 
as was gene named.3 However, cellular localization studies 
indicated that EPSTI1 appears to be neither a secreted nor 
a transmembrane protein. Instead, it is a cytoplasmic protein 
with a nuclear translocation potential.1,5 Therefore, some 
extracellular signaling proteins linking the stromal cells and 

nonstromal cells appear to be needed for EPSTI1 induction. 
Sequence homology search indicates a highly conserved iden-
tity for EPSTI1 across the species,6 indicating a potentially 
critical role for EPSTI1 throughout evolution.

In addition to its role in cancer, EPSTI1 has also been 
implicated in immune privilege,1,7,8 autoimmune disorders,9,10 
fetal development,11,12 apoptosis regulation,13 adipose tissue 
metabolism,14,15 and hepatitis virus infection.16,17 Impor-
tantly, all these biological processes appear to be associated 
with the stromal or inflammatory factors, such as interferon 
alpha (IFN-α) and transforming growth factor beta (TGF-β). 
Potential roles for EPSTI1 in the diseases are outlined in 
Figure 1 with more details described as follows.

Role of EPSTI1 in Cancer Malignancy
Breast cancer is a heterogeneous disease with a large number 
of genetic alterations. For this reason, six subtypes have been 
identified, such as luminal A, luminal B, tumor enriched 
with human epidermal growth factor receptor 2 (HER-2), 
basal-like, normal-like, and claudin-low subtypes.18–21 
The gene expression profiles and the phenotypes are dis-
tinct between different subtypes. For example, luminal A is 
characterized by the expressions of estrogen receptor (ER), 
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progesterone receptor (PR), and Bcl-2 and the absence of 
HER-2. This subtype accounts for up to 60% of the all breast 
cancer cases.19,20 The luminal B subtype is characterized by 
the expressions of ER and PR and the absence of HER-2. 
Effective treatment for different subtypes of breast cancer 
relies on understanding the still poorly defined molecular 
mechanisms underlying the heterogeneity and pathogenesis. 
EPSTI1 expression was reported to be primarily in basal-like 
and luminal B subtypes and lower in differentiated subtypes, 
such as luminal A.4 The dissemination of tumor cells is nor-
mally facilitated by tumor-activated stroma. Forced overex-
pression of EPSTI1 in the tumor cells abolishes the need for 
the stromal facilitation.4 The EPSTI1 association with tumor 
metastatic potential is further supported by the evidence that 
EPSTI1 is highly upregulated in many invasive breast cancer 
cell lines, including HS578T, MDA-MB-231, and BT549, 
while barely detectable in MCF-7, a nonmetastatic cancer cell 
line, and MCF-10A, a immortalized nontumorigenic breast 
epithelial cell line. An analysis of breast cancer tissue samples 
also indicates that EPSTI1 has a role in metastasis. More 
than 77% of invasive tumors display high levels of EPSTI1, 
while only 20% of noninvasive tumors express comparable 
levels.4 Further evidence came from two other groups show-
ing that in .300 breast cancer tumor specimens, the aberrant 
high expression of EPSTI1 is significantly correlated with the 
metastatic potential and poor patient survival.22,23 The eleva-
tion of EPSTI1 in the tumor cells appears to be promoted 
by paracrine interferon stimulation and mediated by intra-
cellular interferon response genes, such as signal transducer 
and activator of transcription 1 (STAT1)22 and Krüppel-like 
factor 8 (KLF8).23

The epithelial–mesenchymal transition (EMT) is essential 
for physiological processes, such as embryogenesis and wound 
healing. However, it also plays a critical role in the initiation 
of tumor metastasis and induction and maintenance of can-
cer stem cells.24–29 Functional studies revealed that EPSTI1 
expression in the MCF-7 cells leads to EMT characteristics 
of a reduction in the epithelial marker protein claudin 1 and 
an increase in the mesenchymal marker proteins fibronectin 
and α2β1 integrin and cancer stem cell properties, such as 
self-renewal and differentiation.4 In addition to breast cancer, 
EPSTI1 was shown to play a role in other cancer types, such 
as human ovarian cancer stem cells30 as well as human embry-
onic stem cells,31 in response to inflammatory cytokines, such 
as IFN-α and TGF-β.

The implication of EPSTI1 in cancer was bolstered by 
the study on KLF8 (Fig. 2), a dual transcription factor impli-
cated in cancer of many types29,32–51 that promotes the expres-
sion of EPSTI1 by transcriptional activation of the gene 
promoter.23 Notably, KLF8 has been demonstrated to potently 
induce EMT by repressing E-cadherin45 and cancer stem cell 
traits.29 Importantly, KLF8 is induced by TGF-β, an EMT-
inducing stromal factor.45,52 Co-immunoprecipitation coupled 
with mass spectrometry identified the interaction of EPSTI1 
with valosin-containing protein (VCP). This interaction leads 
to sequestration and degradation of nuclear factor κ-light-
chain-enhancer of activated B cells (NF-κB) inhibitor alpha 
(IκBα) and consequent activation of the transcription factor 
NF-κB (Fig. 2).23 This is of interest as NF-κB targets many 
pro-cancerous genes and plays a vital role in immune response 
as well.53 Our study also showed that ectopic overexpression 
of EPSTI1 in the two noninvasive cell lines, MCF-7 and 
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Figure 1. Potential roles of EPSTI1 in diseases. EPSTI1 is induced by paracrine inflammatory cytokines and subsequently links the stromal signals to the 
indicated various diseases or disorders associated with immune responses.
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MCF-10A, was sufficient to promote cell invasion. Xenograft 
experiments showed that inducible overexpression of EPSTI1 
in the MCF-7 cells primarily enhances the cell invasion rather 
than proliferation, leading to malignant growth of primary 
tumors and metastases.23

Cancer is regulated by the loss of various fundamental bal-
ances, including that between cell proliferation and apoptosis. 
EPSTI1 has been shown to interact with caspase 8 to inhibit 
apoptosis in breast cancer cells (Fig. 2).13 Silencing EPSTI1 
in the cells results in a significant increase in cell apoptosis. 
Being consistent with the change in the activity of caspase 8,  
the manipulation of EPSTI1 expression greatly impacts the 
cleavage of poly(ADP-ribose) polymerase 1 (PARP-1), a 
hallmark of active apoptosis.37,54,55 In concert with these find-
ings, some interesting connections can be drawn between the 
pathways associated with EPSTI1. Primarily, both EPSTI1’s 
upstream KLF8 and downstream NF-κB promote the expres-
sion of matrix metalloproteinase 9 (MMP9) and cyclin D1, 
which are important for cancer invasion and proliferation, 
respectively, by activating the transcription of the genes in 
a p300-dependent fashion.41,42,56,57 EPSTI1 inhibition of 
PARP-1 cleavage is also of interest, given that the nuclear 
presence of KLF8 depends on its interaction with PARP-1.37 
Notably, PARP-1 binds to p300 to mediate the NF-κB tran-
scriptional activation.58 However, PARP-1 does not exist with 
KLF8-p300 complex at the cyclin D1 gene promoter. This 
revokes the possibility that KLF8 and NF-κB work synergisti-
cally to activate their targets, such as cyclin D1 and MMP9.37 
In addition to inhibiting caspase 8, EPSTI1 was also shown 
to interact with RAC-alpha serine/threonine-protein kinase 

(AKT1) and breast cancer antiestrogen resistance (BCAR3) 
protein.13 AKT is a master player in the cell survival pathways, 
and BCAR3 plays a role in breast cancer resistance against 
estrogen-based hormonal therapy. Taken together, these data 
indicate that EPSTI1 inhibits apoptosis potentially by com-
plex mechanisms to support cancer cell survival.

Role of EPSTI1 in Immune Response and Viral 
Infection
Recent evidence has built on the role of EPSTI1 in the 
immune response. Several reports have indicated that 
EPSTI1 is one of the major target genes for INF-α in can-
cer cells.4,6,9,22 It was further demonstrated that EPSTI1 is 
upregulated in hepatoma cells in response to hepatitis C virus 
(HCV) or hepatitis E virus infection.5,16 Specifically, when 
EPSTI1 expression is stimulated by IL-28A, a type III inter-
feron, the HCV replication is inhibited in Huh 7.5 cells, a 
hepatoma-derived highly HCV-permissive cell line. Treat-
ment with IL-28 and IFN-α has a synergistic effect on 
EPSTI1 expression and inhibition of the virus replication 
and viral clearance. Mechanistically, EPSTI1 represses HCV 
replication by increasing the expressions of protein kinase R 
or protein kinase RNA-activated (PKR), 2′-5′-oligoadenylate 
synthetase 1 (OAS1), and ribonuclease L (RNase L), three 
well-known antiviral genes. OAS1 and RNase L expression 
levels were reversed upon PKR knockdown, thus illuminat-
ing the importance of the double-stranded RNA response 
PKR.59 Silencing the IFN-α/IFN beta receptor 1 leads to a 
decrease in PKR mRNA expression, which can be rescued by 
overexpressing EPSTI1. This result suggests a role of EPSTI1 
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Figure 2. Mechanisms of EPSTI1 regulation and signaling. EPSTI1 transcription is turned on by KLF8. In the cytoplasm, EPSTI1 promotes the activation 
of NF-κB by PKR phosphorylation of (IκB kinase) IKK and VCP-mediated degradation of IκBα. On the other hand, EPSTI1 inhibits apoptosis by 
inactivating caspase 8. The overall outcomes favor the disease progression.
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downstream of the interferons in promoting PKR expres-
sion. Indeed, promoter luciferase reporter assay showed that 
EPSTI1 overexpression results in the activation of PKR gene 
promoter.5 Whether EPSTI1 acts directly or indirectly on the 
PKR gene promoter remains to be determined. Nevertheless, 
EPSTI1 stimulation of PKR expression appears to be impor-
tant. It is known that PKR can stimulate NF-κB activation 
via binding and activating IκB kinase.60 Indeed, knockdown 
of PKR in Huh 7.5.1 cells causes a decrease in IFN-β response 
and NF-κB activation.52 In addition to expression, phos-
phorylation of PKR was also greatly increased upon EPSTI1 
overexpression.5 Once phosphorylated, PKR becomes acti-
vated to catalyze phosphorylation of eIF2alpha, resulting 
in an inhibition of protein synthesis, increase in autophagy, 
and stimulation of apoptosis.60–62 This is of interest in that 
EPSTI1 inhibits the apoptosis-promoting functional arm of 
PKR leaving the NF-κB-activating functional arm active to 
ultimately tilt the balance toward favoring survival and prolif-
eration of tumor cells.13 The stimulation of PKR expression by 
EPSTI1 allows further phosphorylation of IκBα and subse-
quent EPSTI1-facilitated degradation of IκBα to ensure the 
downstream activation of NF-κB (Fig. 2).

The role of EPSTI1 in immune response is quite new, but 
novelty has already arisen around many aspects of its genesis. 
HCV stimulation of EPSTI1 in the Huh 7.5 cells provides 
insight into its possible mechanisms. The HCV nonstructural 
protein 3 was shown to enhance the hepatoma cell invasion 
through NF-κΒ-mediated activation of MMP9 along with the 
activation of extracellular signal-regulated kinases (ERK1/2) 
and p38 MAP kinase.17 These findings close the gap on how 
HCV infections can promote tumorigenesis, in which EPSTI1 
may be involved. The molecular background of EPSTI1 fur-
ther intertwines cancer with the immune response. IL-28A 
can stimulate migration of the HT1376 and T-24 bladder can-
cer cell lines via NF-κB-mediated MMP9 expression. This 
stimulation again involves p38 and ERK1/2.63 These findings 
are apparently controversial to the role of EPSTI1 in hepati-
tis virus clearance described earlier. However, it is conceiv-
able that EPSTI1 may play a role in switching the viruses 
from virulent to temperate status to favor the neoplastic role 
of the viruses. Alternatively, the battle between the virus and 
EPSTI1 leads to chronic inflammation that consequently 
potentiates the tumorigenesis and malignancy.

Potential Role of EPSTI1 in Autoimmune Disorders
The immune system is a system of checks and balances both 
on the molecular and cellular levels. Autoimmune diseases 
are the result of a disruption of these checks and balances. 
The disruption can happen in various independent ways, as is 
apparent by various autoimmune diseases afflicting the same 
individual patient.64 Few effective treatments and no cures 
exist for many autoimmune diseases.65

EPSTI1 may be a vital piece in developing such thera-
pies. It was found upregulated in many of the most serious 

autoimmune diseases, including systemic lupus erythematous 
(SLE),9 Sjogren’s syndrome,66 spondyloarthritis,67 idiopathic 
thrombocytopenic purpura,9 histiocytic necrotizing lymphad-
enitis,68 and rheumatoid arthritis.10 In a paper showing the 
gene expression profile of SLE, EPSTI1 was found upregu-
lated in B lymphocytes and cytotoxic (CD8+) T lymphocytes, 
while the highest expression of EPSTI1 was in monocytes.9 
In addition, EPSTI1 is upregulated in histiocytic necrotiz-
ing lymphadenitis, a rare disease characterized by an excess 
mass primarily filled with macrophages, dendritic cells, and 
plasmacytoid cells.68 Consistently, EPSTI1 upregulation was 
considered to be a predictor of nonresponse in rituximab that 
targets CD20+ B cells for rheumatoid arthritis treatment.10 
Taken together, these findings bring to light that EPSTI1 
could play a function in autoimmune diseases through various 
types of immunocytes. Understanding the molecular func-
tions of EPSTI1 in these cells could shed new light on the 
pathogenesis of the diseases.

This is complicated by the findings that EPSTI1 is 
highly upregulated in the immune privilege sites, such as the 
placenta and testis. In these sites, inflammation is physiologi-
cally dampened even in the presence of invading antigens.1,7,8 
Interestingly, the important cytokine for immune privi-
lege TGF-β69 has been shown to stimulate the expression 
of upstream KLF8.45,70,71 It would be interesting to test if 
EPSTI1 plays a role in immune dampening cell types, such as 
regulatory T lymphocytes and M2 macrophages, prevalent in 
immune privilege sites as well as malignant tumors (or patho-
logical immune-privileged sites).72

The high expression levels of EPSTI1 in the placenta and 
testes have drawn attention to how it functions in these sites. 
EPSTI1 was reported overexpressed in an in vitro model of 
maternal environment represented by the coculture of bovine 
embryos with oviduct epithelial cells.11 Notably, this study 
also found PKR to be upregulated and to presumably serve 
as a feedback mechanism to halt STAT1-dependent produc-
tion of the other interferon response genes. This raises a pos-
sible immune dampening feedback mechanism for EPSTI1 as 
well. EPSTI1 was also reported to play a role in endometrium 
remodeling during the early phase of pregnancy. Early phase 
of pregnancy shares many similarities with the initiation of 
cancer malignancy. Indeed, TGF-β plays an important role in 
endometrium remodeling and associated MMP production.12 
Upregulation of EPSTI1 in the testes was linked to male 
fertility.8 Spurred by this finding, researchers have generated 
an EPSTI1 knockout rat model, in which EPSTI1 expression 
in the spermatogonia is specifically ablated using the clustered 
regularly interspaced short palindromic repeats (CRISPR)/
Cas9 technique.73 The use of this model will likely shed new 
lights on the role of EPSTI1 in male fertility and stimulate 
the generation of EPSTI1 genetically engineered mouse mod-
els for further characterization of the protein in vivo.

EPSTI1 could also confer viral resistance to epithelial cells, 
which would help solve the mystery of how immune-privileged 
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sites resist infections in the absence of normal inflammatory 
responses.4,23 This notion could be supported if EPSTI1 
upregulates PKR to not only promote cellular immune 
response5 but also ensure immune-privileged sites/cells, where 
apoptosis needs to be suppressed,7 which remain unattacked 
by inactivating caspase 8. Importantly, apoptosis appears to 
be suppressed in many cases of autoimmune diseases, such as 
rheumatoid arthritis.74

Taken together, the above-described findings raise a pos-
sibility that in immune-privileged sites, such as the testes and 
placenta, EPSTI1 is induced primarily in response to stro-
mal factors, such as IFN-α and TGF-β, released by immune 
inhibitory cells, such as regulatory T lymphocytes and M2 
macrophages, to protect the immune-privileged cells from 
immune attacks and ensure effective fertility and pregnancy. 
Failure to maintain the immune privilege leads to autoimmune 
disorders. Tumors hijack the immune privilege mechanism 
for developing malignancy to evade immunosurveillance and 
resist immunotherapy. Interference with EPSTI1’s expression, 
cellular localization, protein interaction, and signaling path-
ways can be explored for EPSTI1-based immunotherapies 
against these related diseases.

Potential Role of EPSTI1 in Adipose Metabolism 
and Energy Homeostasis
Two recent studies have identified EPSTI1 as a new specific 
marker for the BRITE/beige adipose tissue, also known as 
brown-in-white adipose tissue.14,15 One of the studies also 
claims that human brown adipose tissue abundantly expresses 
genes unique to BRITE/beige cells, while lacking the clas-
sical brown adipocyte-selective genes. The brown fat tissue 
primarily functions for energy consumption, whereas white 
adipose tissue mainly works to store energy.75 Although 
research on EPSTI1 in adipose tissue has just been kick-
started and the area remains in its very infancy, the results 
nevertheless suggest a potentially important role of EPSTI1 
in energy expenditure associated with lipid metabolism and 
energy homeostasis, which is worth further investigation.

Conclusion
Significant progress in EPSTI1 research has been made since 
it was first reported in 2002. Although EPSTI1 is now known 
in more detail in regulating cancer than immune functions and 
lipid homeostasis, inflammatory cytokines and stromal factors 
appear to be the keys that relay the stromal messages to the 
cells affected where EPSTI1 is induced. KLF8 appears to be 
a critical signaling mediator downstream of these factors and 
immediately upstream of EPSTI1. The studies also suggest 
that all the disorders listed in Figure 1 seem to arise when the 
regulation of immune functions by EPSTI1-associated mech-
anisms goes awry. In addition to immunocytes, tumor-asso-
ciated nonimmunocytes, such as myofibroblasts, also play a 
critical role in inducing EPSTI1 expression via releasing para-
crine inflammatory cytokines in cancer malignancy. The quick 

emerging of the EPSTI1 research field offers new opportuni-
ties to further investigate the mechanistic details regarding 
this protein, such as its posttranslational modifications, intra-
cellular shuttling, and interaction partner molecules. Under-
standing these mechanisms could help pave the way toward 
developing new therapeutics against these diseases/disorders.

Acknowledgments
We thank the Zhao lab members Heng Lu, Satadru Lahiri, 
Debarati Mukherjee, and Lin Yu for their critical comments 
and technical assistance.

Author Contributions
Wrote the first draft of the manuscript: JG. Made critical revi-
sions and approved final version: JZ. All authors reviewed and 
approved of the final manuscript.

REFERENCES
	 1.	 Nielsen HL, Ronnov-Jessen L, Villadsen R, Petersen OW. Identification of 

EPSTI1, a novel gene induced by epithelial-stromal interaction in human breast 
cancer. Genomics. 2002;79:703–710.

	 2.	 Gudjonsson T, Ronnov-Jessen L, Villadsen R, Bissell MJ, Petersen OW. To cre-
ate the correct microenvironment: three-dimensional heterotypic collagen assays 
for human breast epithelial morphogenesis and neoplasia. Methods. 2003;30: 
247–255.

	 3.	 Xing F, Saidou J, Watabe K. Cancer associated fibroblasts (CAFs) in tumor 
microenvironment. Front Biosci (Landmark Ed). 2010;15:166–179.

	 4.	 de Neergaard M, Kim J, Villadsen R, et al. Epithelial-stromal interaction 1 
(EPSTI1) substitutes for peritumoral fibroblasts in the tumor microenviron-
ment. Am J Pathol. 2010;176:1229–1240.

	 5.	 Meng X, Yang D, Yu R, Zhu H. EPSTI1 is involved in IL-28A-mediated inhibi-
tion of HCV infection. Mediators Inflamm. 2015;2015:716315.

	 6.	 Tooker BC, Coussens PM. Phagocytosis of M. paratuberculosis fails to activate 
expression of NADH dehydrogenase and nucleolin-related protein in bovine 
macrophages. Immunol Lett. 2004;93:137–142.

	 7.	 Fijak M, Bhushan S, Meinhardt A. Immunoprivileged sites: the testis. Methods 
Mol Biol. 2011;677:459–470.

	 8.	 Kosova G, Scott NM, Niederberger C, Prins GS, Ober C. Genome-wide asso-
ciation study identifies candidate genes for male fertility traits in humans. Am J 
Hum Genet. 2012;90:950–961.

	 9.	 Ishii T, Onda H, Tanigawa A, et al. Isolation and expression profiling of genes 
upregulated in the peripheral blood cells of systemic lupus erythematosus 
patients. DNA Res. 2005;12:429–439.

	 10.	 Raterman HG, Vosslamber S, de Ridder S, et al. The interferon type I signature 
towards prediction of non-response to rituximab in rheumatoid arthritis patients. 
Arthritis Res Ther. 2012;14:R95.

	 11.	 Schmaltz-Panneau B, Cordova A, Dhorne-Pollet S, et al. Early bovine embryos 
regulate oviduct epithelial cell gene expression during in vitro co-culture. Anim 
Reprod Sci. 2014;149:103–116.

	 12.	 Bauersachs S, Mitko K, Ulbrich SE, Blum H, Wolf E. Transcriptome studies of 
bovine endometrium reveal molecular profiles characteristic for specific stages 
of estrous cycle and early pregnancy. Exp Clin Endocrinol Diabetes. 2008;116: 
371–384.

	 13.	 Capdevila-Busquets E, Badiola N, Arroyo R, Alcalde V, Soler-Lopez M, Aloy P. 
Breast cancer genes PSMC3IP and EPSTI1 play a role in apoptosis regulation. 
PLoS One. 2015;10:e0115352.

	 14.	 Kiskinis E, Chatzeli L, Curry E, et al. RIP140 represses the “brown-in-white” 
adipocyte program including a futile cycle of triacylglycerol breakdown and syn-
thesis. Mol Endocrinol. 2014;28:344–356.

	 15.	 de Jong JM, Larsson O, Cannon B, Nedergaard J. A stringent validation of 
mouse adipose tissue identity markers. Am J Physiol Endocrinol Metab. 2015;308: 
E1085–E1105.

	 16.	 Moal V, Textoris J, Ben Amara A, et al. Chronic hepatitis E virus infection is 
specifically associated with an interferon-related transcriptional program. J Infect 
Dis. 2013;207:125–132.

	 17.	 Lu L, Zhang Q , Wu K, et al. Hepatitis C virus NS3 protein enhances cancer cell 
invasion by activating matrix metalloproteinase-9 and cyclooxygenase-2 through 
ERK/p38/NF-kappaB signal cascade. Cancer Lett. 2015;356:470–478.

http://www.la-press.com
http://www.la-press.com/cell-communication-insights-journal-j140


Gray and Zhao

6 Cell Communication Insights 2016:8

	 18.	 Eroles P, Bosch A, Perez-Fidalgo JA, Lluch A. Molecular biology in breast cancer: 
intrinsic subtypes and signaling pathways. Cancer Treat Rev. 2012;38:698–707.

	 19.	 Perou CM, Sorlie T, Eisen MB, et al. Molecular portraits of human breast 
tumours. Nature. 2000;406:747–752.

	 20.	 Sorlie T, Perou CM, Tibshirani R, et al. Gene expression patterns of breast car-
cinomas distinguish tumor subclasses with clinical implications. Proc Natl Acad 
Sci U S A. 2001;98:10869–10874.

	 21.	 Sorlie T, Tibshirani R, Parker J, et al. Repeated observation of breast tumor 
subtypes in independent gene expression data sets. Proc Natl Acad Sci U S A. 
2003;100:8418–8423.

	 22.	 Buess M, Nuyten DS, Hastie T, Nielsen T, Pesich R, Brown PO. Characteriza-
tion of heterotypic interaction effects in vitro to deconvolute global gene expres-
sion profiles in cancer. Genome Biol. 2007;8:R191.

	 23.	 Li T, Lu H, Shen C, et al. Identification of epithelial stromal interaction 1 as a 
novel effector downstream of Kruppel-like factor 8 in breast cancer invasion and 
metastasis. Oncogene. 2014;33:4746–4755.

	 24.	 Bessede E, Staedel C, Acuna Amador LA, et al. Helicobacter pylori generates 
cells with cancer stem cell properties via epithelial-mesenchymal transition-like 
changes. Oncogene. 2014;33:4123–4131.

	 25.	 Mani SA, Guo W, Liao MJ, et al. The epithelial-mesenchymal transition gener-
ates cells with properties of stem cells. Cell. 2008;133:704–715.

	 26.	 Morel AP, Lievre M, Thomas C, Hinkal G, Ansieau S, Puisieux A. Generation 
of breast cancer stem cells through epithelial-mesenchymal transition. PLoS One. 
2008;3:e2888.

	 27.	 Santisteban M, Reiman JM, Asiedu MK, et al. Immune-induced epithelial to 
mesenchymal transition in vivo generates breast cancer stem cells. Cancer Res. 
2009;69:2887–2895.

	 28.	 Thiery JP, Acloque H, Huang RY, Nieto MA. Epithelial-mesenchymal transi-
tions in development and disease. Cell. 2009;139:871–890.

	 29.	 Wang X, Lu H, Li T, et al. Kruppel-like factor 8 promotes tumorigenic mammary 
stem cell induction by targeting miR-146a. Am J Cancer Res. 2013;3:356–373.

	 30.	 Moserle L, Indraccolo S, Ghisi M, et al. The side population of ovarian cancer cells 
is a primary target of IFN-alpha antitumor effects. Cancer Res. 2008;68:5658–5668.

	 31.	 McLean AB, D’Amour KA, Jones KL, et al. Activin a efficiently specifies defini-
tive endoderm from human embryonic stem cells only when phosphatidylinositol 
3-kinase signaling is suppressed. Stem Cells. 2007;25:29–38.

	 32.	 Lahiri SK, Zhao J. Kruppel-like factor 8 emerges as an important regulator of 
cancer. Am J Transl Res. 2012;4:357–363.

	 33.	 Li T, Lu H, Mukherjee D, et al. Identification of epidermal growth factor recep-
tor and its inhibitory microRNA141 as novel targets of Kruppel-like factor 8 in 
breast cancer. Oncotarget. 2015;6:21428–21442.

	 34.	 Liang K, Liu T, Chu N, et al. KLF8 is required for bladder cancer cell prolifera-
tion and migration. Biotechnol Appl Biochem. 2014;62(5):628–633.

	 35.	 Lu H, Hu L, Li T, et al. A novel role of Kruppel-like factor 8 in DNA repair in 
breast cancer cells. J Biol Chem. 2012;287:43720–43729.

	 36.	 Lu H, Hu L, Yu L, et al. KLF8 and FAK cooperatively enrich the active MMP14 
on the cell surface required for the metastatic progression of breast cancer. Onco-
gene. 2014;33:2909–2917.

	 37.	 Lu H, Wang X, Li T, et al. Identification of poly (ADP-ribose) polymerase-1 
(PARP-1) as a novel Kruppel-like factor 8-interacting and -regulating pro-
tein. J Biol Chem. 2011;286:20335–20344.

	 38.	 Lu H, Wang X, Urvalek AM, et al. Transformation of human ovarian surface 
epithelial cells by Kruppel-like factor 8. Oncogene. 2014;33:10–18.

	 39.	 Mehta TS, Lu H, Wang X, et al. A unique sequence in the N-terminal regula-
tory region controls the nuclear localization of KLF8 by cooperating with the 
C-terminal zinc-fingers. Cell Res. 2009;19:1098–1109.

	 40.	 Urvalek AM, Lu H, Wang X, et al. Regulation of the oncoprotein KLF8 by a 
switch between acetylation and sumoylation. Am J Transl Res. 2011;3:121–132.

	 41.	 Urvalek AM, Wang X, Lu H, Zhao J. KLF8 recruits the p300 and PCAF co-
activators to its amino terminal activation domain to activate transcription. 
Cell Cycle. 2010;9:601–611.

	 42.	 Wang X, Lu H, Urvalek AM, et al. KLF8 promotes human breast cancer cell 
invasion and metastasis by transcriptional activation of MMP9. Oncogene. 2011; 
30:1901–1911.

	 43.	 Wang X, Urvalek AM, Liu J, Zhao J. Activation of KLF8 transcription by 
focal adhesion kinase in human ovarian epithelial and cancer cells. J Biol Chem. 
2008;283:13934–13942.

	 44.	 Wang X, Zhao J. KLF8 transcription factor participates in oncogenic transfor-
mation. Oncogene. 2007;26:456–461.

	 45.	 Wang X, Zheng M, Liu G, et al. Kruppel-like factor 8 induces epithelial to mes-
enchymal transition and epithelial cell invasion. Cancer Res. 2007;67:7184–7193.

	 46.	 Wei H, Wang X, Gan B, et al. Sumoylation delimits KLF8 transcriptional activity 
associated with the cell cycle regulation. J Biol Chem. 2006;281:16664–16671.

	 47.	 Zhao J. KLF8: so different in ovarian and breast cancer. Oncoscience. 2014;1: 
248–249.

	 48.	 Zhao J, Bian ZC, Yee K, Chen BP, Chien S, Guan JL. Identification of tran-
scription factor KLF8 as a downstream target of focal adhesion kinase in its 
regulation of cyclin D1 and cell cycle progression. Mol Cell. 2003;11:1503–1515.

	 49.	 Liang K, Liu T, Chu N, et al. KLF8 is required for bladder cancer cell prolifera-
tion and migration. Biotechnol Appl Biochem. 2015;62:628–633.

	 50.	 Liu N, Wang Y, Zhou Y, et al. Kruppel-like factor 8 involved in hypoxia pro-
motes the invasion and metastasis of gastric cancer via epithelial to mesenchymal 
transition. Oncol Rep. 2014;32:2397–2404.

	 51.	 Yan Q , Zhang W, Wu Y, et al. KLF8 promotes tumorigenesis, invasion and 
metastasis of colorectal cancer cells by transcriptional activation of FHL2. Onco-
target. 2015;6:25402–25417.

	 52.	 Zhang L, Alter HJ, Wang H, et al. The modulation of hepatitis C virus 1a rep-
lication by PKR is dependent on NF-kB mediated interferon beta response in 
Huh7.5.1 cells. Virology. 2013;438:28–36.

	 53.	 Wang DJ, Ratnam NM, Byrd JC, Guttridge DC. NF-kappaB functions in 
tumor initiation by suppressing the surveillance of both innate and adaptive 
immune cells. Cell Rep. 2014;9:90–103.

	 54.	 Javle M, Curtin NJ. The role of PARP in DNA repair and its therapeutic exploi-
tation. Br J Cancer. 2011;105:1114–1122.

	 55.	 Boulares AH, Yakovlev AG, Ivanova V, et al. Role of poly(ADP-ribose) poly-
merase (PARP) cleavage in apoptosis. Caspase 3-resistant PARP mutant increases 
rates of apoptosis in transfected cells. J Biol Chem. 1999;274:22932–22940.

	 56.	 Guttridge DC, Albanese C, Reuther JY, Pestell RG, Baldwin AS Jr. NF-kappaB 
controls cell growth and differentiation through transcriptional regulation of 
cyclin D1. Mol Cell Biol. 1999;19:5785–5799.

	 57.	 Zhong H, Voll RE, Ghosh S. Phosphorylation of NF-kappa B p65 by PKA 
stimulates transcriptional activity by promoting a novel bivalent interaction with 
the coactivator CBP/p300. Mol Cell. 1998;1:661–671.

	 58.	 Hassa PO, Buerki C, Lombardi C, Imhof R, Hottiger MO. Transcriptional 
coactivation of nuclear factor-kappaB-dependent gene expression by p300 is reg-
ulated by poly(ADP)-ribose polymerase-1. J Biol Chem. 2003;278:45145–45153.

	 59.	 Hovanessian AG. The double stranded RNA-activated protein kinase induced by 
interferon: dsRNA-PK. J Interferon Res. 1989;9:641–647.

	 60.	 Bonnet MC, Weil R, Dam E, Hovanessian AG, Meurs EF. PKR stimulates NF-
kappaB irrespective of its kinase function by interacting with the IkappaB kinase 
complex. Mol Cell Biol. 2000;20:4532–4542.

	 61.	 Talloczy Z, Jiang W, Virgin HW IV, et al. Regulation of starvation- and virus-
induced autophagy by the eIF2alpha kinase signaling pathway. Proc Natl Acad Sci 
U S A. 2002;99:190–195.

	 62.	 Gil J, Esteban M. The interferon-induced protein kinase (PKR), triggers apop-
tosis through FADD-mediated activation of caspase 8 in a manner independent 
of Fas and TNF-alpha receptors. Oncogene. 2000;19:3665–3674.

	 63.	 Lee SJ, Lim JH, Choi YH, Kim WJ, Moon SK. Interleukin-28A triggers wound 
healing migration of bladder cancer cells via NF-kappaB-mediated MMP-9 
expression inducing the MAPK pathway. Cell Signal. 2012;24:1734–1742.

	 64.	 Cardenas-Roldan J, Rojas-Villarraga A, Anaya JM. How do autoimmune dis-
eases cluster in families? A systematic review and meta-analysis. BMC Med. 2013; 
11:73.

	 65.	 Cooper GS, Bynum ML, Somers EC. Recent insights in the epidemiology of 
autoimmune diseases: improved prevalence estimates and understanding of clus-
tering of diseases. J Autoimmun. 2009;33:197–207.

	 66.	 Khuder SA, Al-Hashimi I, Mutgi AB, Altorok N. Identification of potential 
genomic biomarkers for Sjogren’s syndrome using data pooling of gene expres-
sion microarrays. Rheumatol Int. 2015;35:829–836.

	 67.	 Fert I, Cagnard N, Glatigny S, et al. Reverse interferon signature is characteristic 
of antigen-presenting cells in human and rat spondyloarthritis. Arthritis Rheu-
matol. 2014;66:841–851.

	 68.	 Ishimura M, Yamamoto H, Mizuno Y, et al. A non-invasive diagnosis of histio-
cytic necrotizing lymphadenitis by means of gene expression profile analysis of 
peripheral blood mononuclear cells. J Clin Immunol. 2013;33:1018–1026.

	 69.	 Wahl SM, Wen J, Moutsopoulos N. TGF-beta: a mobile purveyor of immune 
privilege. Immunol Rev. 2006;213:213–227.

	 70.	 Zhang H, Liu L, Wang Y, et al. KLF8 involves in TGF-beta-induced EMT and 
promotes invasion and migration in gastric cancer cells. J Cancer Res Clin Oncol. 
2013;139:1033–1042.

	 71.	 Zhang X, Yue P, Page BD, et al. Orally bioavailable small-molecule inhibitor 
of transcription factor Stat3 regresses human breast and lung cancer xenografts. 
Proc Natl Acad Sci U S A. 2012;109:9623–9628.

	 72.	 Holtan SG, Creedon DJ, Haluska P, Markovic SN. Cancer and pregnancy: 
parallels in growth, invasion, and immune modulation and implications for can-
cer therapeutic agents. Mayo Clin Proc. 2009;84:985–1000.

	 73.	 Chapman KM, Medrano GA, Jaichander P, et al. Targeted germline modifi-
cations in rats using CRISPR/Cas9 and spermatogonial stem cells. Cell Rep. 
2015;10:1828–1835.

	 74.	 Liu H, Pope RM. The role of apoptosis in rheumatoid arthritis. Curr Opin 
Pharmacol. 2003;3:317–322.

	 75.	 Cannon B, Nedergaard J. Brown adipose tissue: function and physiological 
significance. Physiol Rev. 2004;84:277–359.

http://www.la-press.com
http://www.la-press.com/cell-communication-insights-journal-j140

